During the last 30 years, we have performed a number of unusual experiments to measure P-and Swave velocity structure of unconsolidated sediments below the seafloor at sites to water depths of 700 m. These experiments were designed to aid in specific geotechnical problems related to soil stability along pipeline routes or beneath bottom-founded structures as well as to provide regional information for military purposes. Some of these experiments were done in open-water conditions, but many were performed beneath ice-cover.
First Attempts
The Terrain Geophysics group of the Geological Survey of Canada (GSC) first began making measurements of seabottom sediments as part of a program to study the seismic properties of permafrost in the early 1970s. The program was focussed on the Mackenzie River and Delta areas of the western Beaufort Sea. At that time, it was thought that ice-bearing permafrost extended beneath the shores of the Arctic Ocean only for a short distance offshore, since the seabottom was under the influence of warm Mackenzie River water. Indeed, the prevailing thought was that near-shore shallow waters throughout the Canadian Arctic Archipelago would not promote the growth or preservation of icebearing permafrost. Even where near-shore waters were below 0 degrees Centigrade in summer time along shorelines not under the influence of surface runoff, seawater salinity would preclude the formation of ice in the bottom sediments.
Onshore in the western Arctic, we had applied standard refraction profiling techniques to measure the P-wave velocity variations of ice-bearing Pleistocene-age sediments, using the velocity values to attempt estimates of ice content (Hunter, 1973a) . Our first attempts at velocity measurements in the offshore, were, in a sense, nothing more than extending our existing seismic refraction technology to the shallow water areas (Hunter and Hobson, 1974a,b) .
To do that, we replaced our geophones with individual hydrophones connected to a so-called 'bay' cable, a double-jacketed, multi-strand seismic cable with water-tight connectors at 50 ft (15 m) spacings. The hydrophones were attached to 1.5 meter leads so that they could dangle at a set distance below the cable and would have sufficient water pressure for full response. To float the cable, and to insure that the hydrophones were at the same level, we used small buoys, one per channel. In some cases, where the water depth was quite shallow, the hydrophones were taped back to the bay cable and the array was laid on the seabottom (Hunter 1973b) .
In those days, engineering seismographs were 12 channel analog units with paper records as the only hard copy of the seismic traces. As you can imagine, these paper records were mini-treasures and were carefully documented and stored for transport.
The seismic sources used for such near-shore work were exclusively small dynamite charges, floated at the same depth as the hydrophones. Fortunately onshore seismic exploration was being undertaken at that time in the Mackenzie River Delta, and there was no lack of supply of seismic explosives or seismocaps in this relatively remote arctic area. The one drawback was the minimum size of the available dynamite sticks, usually 5 or 10 lbs; since our refraction work required usually a charge of only 0.5 to 1 lb, cutting and dicing of large sticks of dynamite was a daily occurrence, with the usual 'powder-head' headaches associated with handling nitro-glycerine gel. Figure 1a shows a schematic of the near shore refraction operations, along with an example singleended seismic refraction record (Fig. 1b) showing a break-over to a high velocity layer beneath the seabottom. Indeed, as predicted, these refraction results showed the ice-bearing permafrost surface to be dropping off to considerable depths at some distance offshore (Fig. 1c) . Finally there would be a point where the refractor could no longer be identified within the limitations of the array geometry (Fig 1c) . 
A Makeshift Surface-Towed Array
During the same summer season in which we did these experiments, a GSC marine geologist, who was profiling the sub-seabottom sediments of the Beaufort Sea using a single channel air-gun system, asked us to come on board his vessel to shoot a refraction seismic survey in order to give him sediment velocities for depth correction of his records.
He chose an offshore area in approximately 30 m water depth where he was having difficulties interpreting the sub-bottom sediment structure. By chance (we now know) this area is one of only a few in the Beaufort Sea where ice-bonded sediments occur immediately below seabottom, and where we could detect with certainty the associated high P-wave velocities, with the limited capability of our short (200 m long) surface-towed 12-channel array.
The high sub-bottom P wave velocities (2400-3000 m/s) were puzzling at first, since we were certain that the sub-bottom Holocene and Pleistocene sediments were indeed thick coarse-grained silts, sands and gravels. However, in the same year, Mackay (1972) predicted the widespread occurrence of submarine permafrost based on the sea-level history during late glacial periods. His model suggested that the entire shelf of the Beaufort Sea was exposed to sub-zero mean annual temperatures during the last glacial advance (the Wisconsin glaciation) since there was no glacial ice cover during the time that sea-level was 90-130 m below the present one. Although the geological record was sparse, there was a possibility that similar conditions could have occurred during previous sea level lowering periods within the Pleistocene and that the total thickness of ice-bonded permafrost could possibly be substantial. As sea-levels rose, ice-bearing permafrost could have melted in the in-shore regions due to the influence of warm Mackenzie River water; but in deeper water, where seabottom exposure to warm Mackenzie River water was reduced and replaced with cold seawater at -1.8 degrees C, ice-bearing permafrost could be re-established on the seafloor if fresh porewater existed.
Armed with the above hypothesis, we set about to map the occurrence of sub seafloor high velocities in the Beaufort Sea. Using the 200 m array, we surveyed the inshore regions using small (20 m) fishing vessels as a platform . Later we designed a 24-channel bay-cable system, again with 50 ft (15m) hydrophone take-outs, which was tied to a rope for towing strength. We towed this array at 5 knots behind the Canadian Coast Guard Ship Nahidik, shooting 1 lb off-end dynamite shots at 1 or 2 minute intervals (the shots detonated safely off to one side of the array) to obtain reconnaissance coverage of key areas of the Beaufort Sea shelf out to 60 m water depth or more. An example of the data quality and layered interpretation is given in Figure 2 . As we acquired this early refraction data, we realized the limitations of our hydrophone array length, which precluded mapping sub-bottom high velocity layering in the deeper water areas of the Beaufort Sea shelf (shelf edge water depth = 90 m). We decided to approach the oil and gas companies who held the current leases for the offshore areas, to see if we could gain access to the raw field monitors or the raw records shot with their conventional long multi-channel seismic arrays. In these early days of offshore seismic exploration, the working hypothesis in the oil industry was that permafrost velocity anomalies were confined to the inshore areas, and that no ice-bonded permafrost existed beyond water depths of 10 to 20 m. Admittedly, the industry was aware that there were several curious no-record areas or areas where data quality was relatively poor.
We first approached a company who held leases where we had mapped high velocity refractions interpreted to be ice-bonded permafrost. We examined their raw monitors and discovered that nearseabottom high velocities were visible and, indeed, that they correlated with the companies' poor-quality areas and also with our mapped permafrost velocities. Thus began a relationship with leaseholders in the Beaufort Sea (ultimately 26 companies in all) through which we were able to obtain first arrival data for all seismic reflection records shot in the Canadian Beaufort Sea. From judicious culling of these data to approximately 10,000 records we were able to produce reconnaissance maps of ice-bearing permafrost beneath the seabottom as shown in Figure 3 (Judge et al., 1976; Hobson et al., 1977; Neave et al., 1978; Hunter et al., 1978a; Hunter et al., 1978b; Morack et al., 1984) . Offshore map of sub-seabottom permafrost distribution in the southern Beaufort Sea as determined from the analyses of first arrival data from industry seismic records (Hunter et al., 1978a) .
Seismic Refraction using Open Leads in Sea Ice
During the same period of oil and gas development in the Beaufort Sea (1970 Sea ( -1980 , a need arose to determine possible ice-bonding permafrost in the vicinity of certain proposed offshore drill sites in some of the deeper water areas of the Beaufort Sea shelf. Since the closest available seismic data was that of the refraction first arrivals from conventional seismic arrays, we decided to try designing specialized seabottom engineering-geophysics refraction arrays for deployment through open leads (at end of winter) in the moving ice of the clockwise Beaufort Gyre. We developed a seabottom-laid array of 12 Mark Products P-44 broadband hydrophones at 15 meter spacings which could be deployed through an open lead in the sea-ice (Hunter et al., 1979) . The concept involved detonating dynamite charges on the seabottom off each end of the hydrophone array to obtain a reversed refraction profile. The exact positioning of the shot would be determined by the water-break arrival identified at each hydrophone. The concept is illustrated in Fig. 4a , and Fig. 4b shows an example of such recording at a proposed drill site in deep water in the Beaufort Sea. This idea worked well if (a) there happened to be open leads with sufficient linear extent in the vicinity of the target site, and (b) the ice was not in motion, so that a linear array could be positioned on the bottom without moving, for the duration of the experiment.
In many cases, the above experimental design worked well, with the personnel and equipment being deployed to the site by helicopter and stable ice conditions being maintained throughout the experiment. On other occasions, everything went wrong, with leads suddenly opening or closing and with rapid build-up of pressure ridges, threatening the personnel, equipment, as well as the helicopter. Such data were hard won, to say the least. 
Seabottom Measurements through Thick Ice Cover
For ice-covered waters, where P-wave velocities of the immediate sea floor were required, we developed a "65 foot" array of hydrophones and sources which could be lowered vertically through a 30 cm diameter hole in the sea ice, suspended by a bridle and then lowered to the sea floor. The device, shown schematically in Fig 5a, consisted of 12 hydrophones at 1.5 m spacing which were fastened to (but, by using foam rubber, decoupled from) a series of connected nylon tubes. Thick steel plates were attached to the nylon at both ends, 1.5 meters from the first and last hydrophone and 6 seismocaps were fixed to each plate. The nylon tubing and interconnections were flexible enough to allow the array to conform to most seabottom topography. When the array was in position on the seabottom, the operator dialled in and detonated each shot in turn and recorded these on an engineering seismograph. Using a reversed refraction array one obtained accurate velocity structure without the potential problem of incorrect velocities due to dipping interfaces. An example record is shown in Figure 5b . This array was used by the GSC at proposed drill sites in the Beaufort Sea, along proposed seabottom pipeline routes, and for defence research purposes in the inter-island areas of the Arctic Archipelago. With such a short array, depth penetration below seabottom was limited to a maximum of 5 m for large sub-bottom velocity contrasts. This array was deployed through the ice in water depths exceeding 700 m. 
Open Water Seabottom Refraction Experiments
GSC also interacted with Canada's Defence Research Establishment Atlantic to provide compressional wave velocity structure of the immediate seabottom in certain areas of the east coast shelf for military purposes. This particular geophysical problem was challenging, and to tackle it, we designed an experiment to deploy a weighted, 12-channel, seabottom hydrophone array from the windward side of a vessel that had been turned broadside to the wind. On the outboard end of the array was a series of in-line dynamite charges wired to a sacrificial heavy-duty shot cable.
When the ship arrived at the site, and was turned broadside to the wind, the dynamite charges, and the seismic cable were deployed to the windward side of the work deck, and the cable was straightened out by drifting downwind. Weights were added to each of the shot locations as well as along the array, so that when the far-end of the array was deployed, the in-board end of the cable was tensioned (to straighten the array) and then plenty of slack was dumped overboard, so that during the recording period, the ship could drift downwind without moving the array. When the slack was deployed, the operator dialed in, and shot, each one of the charges in turn, recording these on an engineering seismograph. This type of operating procedure required the combined seamanship skills and shiphandling dexterity of the ship's captain, the officer of the deck and the deck crew, not to mention the blasting and recording expertise of the on-board seismic crew. In any significant sea-state, this meant breaking waves on the windward side and a very wet deck crew. Figure 6a shows the schematic arrangement; Figure 6b shows a seismic record from these experiments (Hunter et al., 1982) . 
A Towed Near-Bottom Array
Seabottom-laid experiments provided better seismic refraction records than those of surface-towed arrays since there was no intervening water layer and less chance of the "hidden layer" problem. However, bottom-laid surveying is not an efficient operation. Hence, for open water conditions in shallow sea shelf areas, we developed a near-seabottom, towed, single-ended refraction array using a depressor fin, a 120 cu inch air gun, and a neutrally-buoyant, 12-channel (later 24-channel), oil-filled array at 5 metre hydrophone spacings. The system is shown schematically in Figure 7a .
This arrangement was first tested off the east coast of Nova Scotia, for defence research purposes (Mackay et al., 1985) to an ultimate deployment depth of 110 m. Later it was used in the Beaufort Sea for mapping shallow ice-bearing permafrost in water depths to 95 m. The array was designed for towing within 5 meters of the sea floor to achieve depth penetration to 30 m for large velocity contrasts. Depth was adjusted by changing the length of the umbilical cable; the operator constantly had to adjust the height by monitoring the sounder mounted on the depressor fin and winching the umbilical in or out. Where ships' speed and bottom contours were relatively constant, we found that we could fly the eel to within 0.5 m depressor height above the bottom, with only occasional inadvertent sampling of the seafloor materials. Operators likened this to hand-flying a supersonic jet at tree-top level, and constant attention was necessary throughout the 12 hour watches on board ship. Example records and interpretations are shown in Figure 7b and 7c respectively. Reports on data obtained using the 12-channel version of this array are given in Mackay et al. (1985) and Fortin et al. (1987) . 
A Vertical Hydrophone Array
With support from Canada's Defence Research Establishment Pacific, the GSC developed a vertical array to be deployed through a 30 cm hole in sea-ice for use in depths of +700 m. This arrangement was designed to be altered to meet variable requirements for compressional wave velocity-depth functions at any particular seabottom site. Hence, explosive charges could be detonated in the water column or on the seabottom at various offsets, depending on the particular need. The schematic diagram of such an array is shown in Figure 8a . We found by modelling the first arrival refraction arrivals from a vertical array, these yielded higher sensitivities to dt/dx than a similar array lying in the same plane on the seabottom (Hunter and Pullan, 1990) .
Our first experience with this array took place in the high Arctic Ocean north of Ellesmere Island in water depths between 600 and 700 m (Hunter et al., 1988) . We detonated high-velocity dynamite charge weights between 1 and 5 lbs at 100 m intervals on the seabottom out to 1000 meters from the vertical array. Figure 8b shows a typical record suite taken with the array, and Figure 8c shows an interpretation of the first arrival data.
We have also used this array for non-military purposes to examine seafloor velocities in the Beaufort Sea slope where the presence of gas-hydrate bearing sediments had been indicated by BSRs (Bottom Simulating Reflectors) from conventional marine seismic reflection surveying (Hunter et al., 1991) . 
Shear Wave Velocity Structure of the Sea Floor -Static Tests
The arrays discussed above were designed to obtain seabottom compressional wave velocity structure only. For those arrays close to, or on the sea bottom, we occasionally observed "Rayleigh-like" waves if our arrays were long enough and we allowed the recording to continue to later times. These interface waves have been identified as "Scholte" waves with characteristics similar to that of a Rayleigh wave. We performed some simple tests with hydrophones and detonators in ice-covered waters of the Beaufort Sea which indicated that Scholte waves could be identified with a source and receiver as much as 5 meters above the sea bottom.
Encouraged by these tests, a joint GSC and Kansas Geological Survey crew tried tests in the Fraser River delta using a 36-channel 5-meter spacing bottom-laid hydrophone array and using the marine version of the "Buffalo Gun" off-end as an energy source (Good et al., 1999) , detonated just below the mud-line. With an anchored boat as the recording platform, the array was deployed using a small skiff. Both forward and reverse shooting was possible. We followed the Multichannel Analysis of Surface Waves (MASW) method as given by Park et al. (1999) . The survey configuration is shown in Fig. 9a . Figure 9b and 9c show an example record from these tests and the dispersion analysis, respectively. Figure 9d shows the test results at a site adjacent to nearby borehole on land where we had previously measured downhole shear wave velocities (Park et al., 2000; Xia et al., 2002) .
A Towed Near-SeaBottom MASW Array
The Fraser delta measurements were a special case in that both the sources and receivers were on the seabottom. To investigate the feasibility of obtaining Scholte-wave events with a towed array, we designed a system similar to the earlier near-seabottom array used for P-waves (Fig. 6a) , using the same 24 channel, 5-meter spacing, oil-filled, neutrally-buoyant eel.
For the evaluation of the method, we selected the Hibernia-Hebron-Whiterose oil fields offshore Newfoundland, where abnormally hard seabottom conditions prevailed. By examining both P-wave velocities and derived shear wave velocities from Scholte waves, it was deemed possible to identify areas of the seafloor where softer sediments prevailed. If close to sub-bottom oil and gas targets, such seabottom areas would be preferred for spudding production wells and construction of sub-seafloor facilities.
The array design called for the source to be a relatively large 300 cu. inch airgun. This was deployed beneath a 2000 lb streamlined steel weight (a marine gravity corer head), and the neutrallybouyant seismic streamer was attached immediately above the weight with an offset of 50 meters to the first channel. The heavy weight tended to hang immediately astern of the ship so that a minimum of winching was required to adjust the height of the system to keep it within 5 meters of the bottom. Figure 10a shows a schematic of the system. As might be expected, this system could be operated in only modest sea states (<2m wave heights), since wave action on the elevation of the weight was directly transmitted to the eel as well.
Seven 15-km lines were shot at Hebron in a grid-pattern, with more than 5000 shot records collected in total during the field experiments at that site (e.g. Fig. 10b ). Most lines were shot with a specified time interval (for example, every 30 seconds) between shots, depending on the desired lateral resolution, and on the recharge time of the onboard compressor. Scholte waves were not easily identified in the shot records due to dominating body-wave events (Fig. 10b) . The dispersion analysis shows that the Scholte waves are confined to a relatively narrow bandwidth (Fig. 10c) , which we believe is related to non-ideal (indirect) source and receiver coupling. The Vs profiles resulting from the dispersion analyses were averaged for the upper 10 to 40 m of seabed sediments. Averaging reduced the vertical layer resolution but accurately retained the lateral trends for the sub-seabottom by using the classic halfwavelength criterion. Then, one calculated phase velocity from each shot record was inverted to a single (average) Vs by using the theory of the Scholte wave. The results for all the shot records in the Hebron grid were then used to produce a map which shows the lateral variation in Vs in the seabottom sediments (Fig. 10d) . Detailed discussions of the methodology and results can be found in Park et al. (2005) . 
Conclusions
Over the last 30 years we have tested a number of unique seismic arrays and techniques to measure sub-seabottom compressional and shear wave velocities in shallow ocean shelf conditions. These methods were used to provide data for both engineering and military applications. Trials took place in both ice-covered and open water conditions. Much of the developmental work focussed on improving the efficiency of collecting data related to the shallow sub-seabottom seismic velocities. While, the 'ideal' way to collect this information is with bottom-laid refraction arrays, the difficulties in getting an array with known geometry on the seabottom can be severe. The resulting expense and time involved in such surveys means that only limited data can be collected. For these reasons, the deep-towed and vertical arrays were developed. These arrays have greatly improved the efficiency of data collection, and can be used to collect substantial information of sub-seabottom conditions over relatively large areas at a reasonable cost. Without a doubt, we have collected orders of magnitude more data with the deeptowed array than would ever have been possible using bottom-laid arrays. We have shown that it is possible to use the deep-towed array effectively in ice-free water with water depths up to 100 m. Care must be taken to minimize the height above seabottom in order to obtain shallow seabottom velocities, so the applicability of this technique is limited in areas of extreme seabottom topography, or where there are other hazards on the seabottom. In deeper water, or in ice-covered conditions, the vertical array can be used very effectively from the sea-ice surface or with a two-boat operation, without rigid requirements for a set source-array geometry.
All the experiments discussed in this paper were valuable learning experiences. It is hoped that documentation of these methodologies will be of value to other workers who need to measure subseabottom seismic velocities.
